On the Fatigue Behavior of Bamboo Pulp Reinforced Cementitious Composites  by Campello, Eduardo F. et al.
ScienceDirect
Available online at www.sciencedirect.com
 
Av ilable o line at www.sciencedire t.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  
XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 
Thermo-mechanical modeling of a high pressure turbine blade of an 
airplane gas turbine engine 
P. Brandãoa, V. Infanteb, A.M. Deusc* 
aDepartment of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
bIDMEC, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
cCeFEMA, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal  
Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
This work refers to an experimental study initiated with the purpose of evaluating the fatigue behavior of a cement base 
composite reinforced with bamboo pulp in the proportion of 6% of the weight of the dry cement. Specimens of the composite, in 
the form of prismatic bars, were submitted to cyclic three-point bend loading and the corresponding S-N curve was determined  
and then modeled according to Manson-Coffin type formulation. Fatigue data obtained using notched specimens showed a great 
deal of scatter and could not be modeled. 
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No loss of solid material was found to take place due to the filtering operation. A number of wet plates produced 
according to this procedure were reduced manually to small pieces which were then used to fill up 300 x 50 x 50 
mm molds for bend specimens. A pressure of about 3 MPa was applied for 5 minutes to remove excess water, thus 
obtaining a more compact and less porous material compared to the raw plates. Still inside the molds, the specimens 
were kept in plastic bags for 24 hours before they were removed from the molds, immersed in water, left to cure and 
then stored for 180 days. 
2.1. Mechanical testing 
Monotonic and cyclic loading were carried out using 300 mm long prismatic bars (50 mm thick and 45 mm 
width) that were submitted to three point bending with 270 mm loading span.  A number of bend specimens 
contained a parallel sided notch whose depth a amounted to half of the specimen width W and whose root radius was 
equivalent to 0.5 mm. 
Monotonic flexure tests were carried out at room temperature at a cross head speed of 2 x 10-5 m/s. Fatigue 
loading was also performed at room temperature, at a frequency of 30 Hz. 
3. Results and discussion 
Examples of the load-displacement curves obtained in monotonic three point bending are presented in Figures 1 
and 2, for unnotched and notched specimens, respectively. Corresponding proportionality limit loads Pp were taken 
as 2 and 0.25 kN. 
 
 
Fig. 1. Load-displacement curve of unnotched bend specimens. 
The maximum load Pmax adopted for cyclic loading was kept below the corresponding Pp level, thus configuring a 
test regime of high cycle fatigue. As to the minimum load Pmin, this was selected in a way such that the mean load 
Pm always remained constant. Taking this into account, four different fatigue test conditions were proposed and are 
presented in Tables 1 and 2 in terms of the maximum and minimum loads. As can be seen from these tables, Pm was 
maintained constant at half the proportionality limit load, i.e., at 1 and 0.125 kN, respectively, for the unnotched and 
notched specimens. 
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1. Introduction 
The use of fiber reinforced cementitious composites as construction materials has been rapidly increasing in the 
last few years in many parts of the world, including developed countries. Numerous studies conducted in the last 
decades have contributed to a better understanding of how the incorporation of randomly dispersed short fibers 
results in enhancing both the flexural strength and toughness of the composite material over those of the plain 
matrix. 
Different types of fibers, such as steel fibers, polymeric fibers and hybrid combination of both, have been 
contemplated as reinforcing elements in cementitious matrices by different researches as Sivakumar and Santhanam 
(2007), Qian and Stroeven (2000), Abu-Lebdeh et al. (2012) and Kitamura (2006). The improvement in the 
composite’s behavior was largely attributed to energy absorbing mechanism (bridging action) and to delay in 
microcrack formation in a research carried out by Sivakumar and Santhanam (2007). 
Environmental considerations have stimulated several industries to look for sustainable substitutes that could 
replace conventional synthetic fibers. In this respect, natural fibers represent a viable alternative to steel and 
polymeric fibers, as they are readily available in fibrous form and can be readily extracted from their proper plants at 
very low cost as studied by Silva et al (2008). Further, their adoption as reinforced elements is also associated with 
overall reduction in CO2 emissions as well as reduced amounts of energy needs. Taking these environmental and 
sustainability aspects into consideration, a number of investigations were conducted by Pereira et al. (2015), 
Campello (2006), Brescansin (2003), Toledo Filho (1997) and Okafor et al. (1996), regarding the use of a variety of 
natural fibers, such as sisal and bamboo. The results obtained have indicated the viability of using such fibers as 
reinforcing agents in cementitious matrices. However, it should be mentioned that the use of natural fibers was 
invariably associated with degradation in the composite’s compressive strength in all studies quoted above. 
In view of their numerous advantages, natural fiber reinforced composites have been considered as potential 
candidates for structural applications, such as low cost residential compounds in developing countries. Structural 
elements are expected to support applied loads without critical or subcritical fracture during their projected lifetime. 
They are also expected to withstand fluctuating and/or cyclic stresses without suffering from fatigue failure. The 
present work was therefore initiated in an effort to evaluate the fatigue behavior of a cement base composite 
reinforced with bamboo pulp in the proportion of 6% of the dry cement weight. Bend specimens of the composite 
were submitted to three point bending and the corresponding S-N curves were determined and then modeled 
according to Manson-Coffin type formulation. Fatigue data obtained using notched bend specimens showed a great 
deal of scatter and hence could not be reasonably modeled. 
2. Material and experimental 
Based on results reported by Brescansin (2003) and Sales (2006) on the mechanical properties of bamboo pulp 
reinforced cement base composites, the quantity of pulp selected for the present study amounted to 6% of the dry 
cement weight. The pulp was received in the form of non-refined flocks composed of cellulosic microfibers. It was 
first dried in a kiln until its weight showed no variation and was then submerged in tap water for 24 hours before 
more water was added to achieve a total of 100 ml per gram of dry pulp. Dispersion of the pulp was realized by 
vigorous mechanical agitation (at 2000 rpm) for 10 minutes and the mixture was then filtered to remove excess 
water. In sequence, the wet pulp was stored in plastic bags and kept under refrigeration for about 24 hours. 
A modified Hatschek process, proposed by Campbell and Coutts (1980), was adopted for producing the 
composite on a laboratory scale, in the form of relatively thin plates (7 mm thick), consisting exclusively of CP2F-
32 Portland cement, bamboo pulp and water. Such plates, yet humid, served as raw material for making robust 
specimens for mechanical testing. 
In order to produce the composite plates, the stored wet bamboo pulp had to be dispersed again in water for about 
5 minutes and cement was added in the right proportion with respect to the weight of dry pulp. A liquor containing 
about 16% (by weight) of solid material (composed of cement and microfibers) was thus obtained. This mixture was 
agitated for 5 minutes and then rapidly transferred to 120 x 120 x 100 mm casting chamber, which was connected to 
a vacuum pump. The mixture was thus subjected to suction during 5 minutes in order to remove the water, leaving 
behind a 120 x 120 mm wet plate with a thickness of about 7 mm, containing homogeneous dispersed microfibers. 
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No loss of solid material was found to take place due to the filtering operation. A number of wet plates produced 
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mm molds for bend specimens. A pressure of about 3 MPa was applied for 5 minutes to remove excess water, thus 
obtaining a more compact and less porous material compared to the raw plates. Still inside the molds, the specimens 
were kept in plastic bags for 24 hours before they were removed from the molds, immersed in water, left to cure and 
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2.1. Mechanical testing 
Monotonic and cyclic loading were carried out using 300 mm long prismatic bars (50 mm thick and 45 mm 
width) that were submitted to three point bending with 270 mm loading span.  A number of bend specimens 
contained a parallel sided notch whose depth a amounted to half of the specimen width W and whose root radius was 
equivalent to 0.5 mm. 
Monotonic flexure tests were carried out at room temperature at a cross head speed of 2 x 10-5 m/s. Fatigue 
loading was also performed at room temperature, at a frequency of 30 Hz. 
3. Results and discussion 
Examples of the load-displacement curves obtained in monotonic three point bending are presented in Figures 1 
and 2, for unnotched and notched specimens, respectively. Corresponding proportionality limit loads Pp were taken 
as 2 and 0.25 kN. 
 
 
Fig. 1. Load-displacement curve of unnotched bend specimens. 
The maximum load Pmax adopted for cyclic loading was kept below the corresponding Pp level, thus configuring a 
test regime of high cycle fatigue. As to the minimum load Pmin, this was selected in a way such that the mean load 
Pm always remained constant. Taking this into account, four different fatigue test conditions were proposed and are 
presented in Tables 1 and 2 in terms of the maximum and minimum loads. As can be seen from these tables, Pm was 
maintained constant at half the proportionality limit load, i.e., at 1 and 0.125 kN, respectively, for the unnotched and 
notched specimens. 
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elements are expected to support applied loads without critical or subcritical fracture during their projected lifetime. 
They are also expected to withstand fluctuating and/or cyclic stresses without suffering from fatigue failure. The 
present work was therefore initiated in an effort to evaluate the fatigue behavior of a cement base composite 
reinforced with bamboo pulp in the proportion of 6% of the dry cement weight. Bend specimens of the composite 
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according to Manson-Coffin type formulation. Fatigue data obtained using notched bend specimens showed a great 
deal of scatter and hence could not be reasonably modeled. 
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Based on results reported by Brescansin (2003) and Sales (2006) on the mechanical properties of bamboo pulp 
reinforced cement base composites, the quantity of pulp selected for the present study amounted to 6% of the dry 
cement weight. The pulp was received in the form of non-refined flocks composed of cellulosic microfibers. It was 
first dried in a kiln until its weight showed no variation and was then submerged in tap water for 24 hours before 
more water was added to achieve a total of 100 ml per gram of dry pulp. Dispersion of the pulp was realized by 
vigorous mechanical agitation (at 2000 rpm) for 10 minutes and the mixture was then filtered to remove excess 
water. In sequence, the wet pulp was stored in plastic bags and kept under refrigeration for about 24 hours. 
A modified Hatschek process, proposed by Campbell and Coutts (1980), was adopted for producing the 
composite on a laboratory scale, in the form of relatively thin plates (7 mm thick), consisting exclusively of CP2F-
32 Portland cement, bamboo pulp and water. Such plates, yet humid, served as raw material for making robust 
specimens for mechanical testing. 
In order to produce the composite plates, the stored wet bamboo pulp had to be dispersed again in water for about 
5 minutes and cement was added in the right proportion with respect to the weight of dry pulp. A liquor containing 
about 16% (by weight) of solid material (composed of cement and microfibers) was thus obtained. This mixture was 
agitated for 5 minutes and then rapidly transferred to 120 x 120 x 100 mm casting chamber, which was connected to 
a vacuum pump. The mixture was thus subjected to suction during 5 minutes in order to remove the water, leaving 
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defects thus increasing the degree of scatter in the fatigue data in comparison with metallic materials. As could be 
noticed from Table 4, the degree of scatter in the fatigue results became considerably larger for the case of notched 
specimens, to the point that the establishment of linear relationship between log �� and log 2N turned out to be 
impossible (Figure 4). This high degree of scatter in this case is seen to be essentially related to the presence of tiny 
cracks formed at the notch root as the specimens were taken off the molds. Thermal effects taking place at the notch 
root due to curing of the cement, yet in the mold, may also have contributed to crack formation in that region.  
 
                        Table 3. Fatigue life as a function of stress amplitude (unnotched specimens). 
�� (MPa) N 
3.92 2,934 
3.92 3,280 
3.92 
3.52 
3.52 
3.52 
3.52 
3.12 
3.12 
3.12 
3.12 
2.72 
2.72 
2.72 
2.72 
5,432 
61,270 
27,604 
40,252 
26,423 
250,504 
168,422 
397,856 
635,722 
357,244 
513,268 
689,526 
211,316 
 
 
                        Table 4. Fatigue life as a function of stress amplitude (notched specimens). 
�� (MPa) N 
1.97 8,435 
1.97 262,327 
1.97 
1.76 
1.76 
1.76 
1.55 
1.36 
68,256 
250,622 
847,236 
455,812 
322,537 
325,788 
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Fig. 2. Load-displacement curve of notched bend specimens.                                                                                        
     Table 1. Maximum and minimum cyclic loads of unnotched bend specimens (Pm is maintained constant at 1000 N). 
Pmax (N) Pmin (N) Pa (N) 
1980 20 980 
1880 120 880 
1780 
1680 
220 
320 
780 
680 
 
Table 2. Cyclic loading conditions of notched bend specimens (Pm is maintained constant at 125 N). 
Pmax (N) Pmin (N) Pa (N) 
248 2 123 
235 15 110 
222 
210 
28 
40 
97 
85 
 
 
Values of the cyclic load amplitude Pa, also listed in Tables 1 and 2, were used to calculate the corresponding 
stress amplitude �� from expression 
    (1) 
In order to calculate the nominal stress amplitude �� for the notched specimens, W in the above formula was 
replaced by the ligament depth (W-a).  
Fatigue life, as given by the number of cycles to failure N, is listed as a function of the stress amplitude �� in 
Tables 3 and 4, for the unnotched and notched specimens, respectively. The linearization of the relationship between 
log �� and log 2N resulted in the straight line depicted in Figure 3. The correlation factor involved in this 
linearization is approximately equal to 0.829. This value, which is inferior to what one would obtain in case of 
metallic materials, is considered to be in fair agreement with data reported by Lee and Barr (2004) for cementitious 
materials. This is seen to be consistent with the fact that they comparatively contain larger population of inherent 
�� =  3���2��� 
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The relationship between ��� and 2N in Equation (2) lends itself to linearization on a log-log scale and by 
comparison with the equation representative of the straight line depicted in Figure 3, one can conclude that the 
fatigue resistance coefficient and exponent are equivalent, respectively, to 7.1 MPa and -0.065. 
Making use of Equation (1), the value of the ultimate flexural load Pu = 2.2 kN leads to a corresponding �� level 
of approximately 8.8 MPa. Knowing the value of �� and approximating ��� by ��, the fatigue resistance coefficient 
is estimated at 4.8 MPa, which is in fair agreement with the experimental value mentioned above (7.1 MPa). 
Finally, it is worth mentioning that results reported by Lee and Barr (2004) on the fatigue behavior of steel fiber 
reinforced concrete indicated value of the exponent b situated in the range between – 0.0559 and – 0.0575. This is 
seen to be consistent with the fatigue resistance exponent obtained in the present study for the bamboo reinforced 
cementitious composite. 
4. Conclusions 
Regarding the results presented herein on the behavior of the bamboo pulp reinforced cement composite, the 
following conclusions can be drawn: 
  Fatigue life of the composite can be modeled in terms of the stress amplitude by Manson-Coffin type 
relationship, with a fatigue resistance exponent of approximately -0.065.  The fatigue resistance coefficient is reduced for cyclic loading conditions involving the presence of 
tensile mean stress. For a mean stress of 4 MPa , this coefficient is situated at about 7.1 MPa, compared 
to a theoretical value of about  4.8 MPa.  Small crack formed at the notch root, during casting and curing of notched bend specimens resulted in 
considerable scatter of the fatigue data, being therefore unfit for possible modeling. 
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The relationship between ��� and 2N in Equation (2) lends itself to linearization on a log-log scale and by 
comparison with the equation representative of the straight line depicted in Figure 3, one can conclude that the 
fatigue resistance coefficient and exponent are equivalent, respectively, to 7.1 MPa and -0.065. 
Making use of Equation (1), the value of the ultimate flexural load Pu = 2.2 kN leads to a corresponding �� level 
of approximately 8.8 MPa. Knowing the value of �� and approximating ��� by ��, the fatigue resistance coefficient 
is estimated at 4.8 MPa, which is in fair agreement with the experimental value mentioned above (7.1 MPa). 
Finally, it is worth mentioning that results reported by Lee and Barr (2004) on the fatigue behavior of steel fiber 
reinforced concrete indicated value of the exponent b situated in the range between – 0.0559 and – 0.0575. This is 
seen to be consistent with the fatigue resistance exponent obtained in the present study for the bamboo reinforced 
cementitious composite. 
4. Conclusions 
Regarding the results presented herein on the behavior of the bamboo pulp reinforced cement composite, the 
following conclusions can be drawn: 
  Fatigue life of the composite can be modeled in terms of the stress amplitude by Manson-Coffin type 
relationship, with a fatigue resistance exponent of approximately -0.065.  The fatigue resistance coefficient is reduced for cyclic loading conditions involving the presence of 
tensile mean stress. For a mean stress of 4 MPa , this coefficient is situated at about 7.1 MPa, compared 
to a theoretical value of about  4.8 MPa.  Small crack formed at the notch root, during casting and curing of notched bend specimens resulted in 
considerable scatter of the fatigue data, being therefore unfit for possible modeling. 
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